Limongelli and colleagues describe a novel class of potent adenosine deaminase (ADA) inhibitors, developed as drug candidate for the treatment of inflammatory disorders [1] . Since a close correlation has been found between the severity of inflammation and a local increase in both expression and activity of ADA [2], the pharmacological inhibition of this enzyme has recently being regarded as a novel therapeutic approach to counteract inflammation in several pathological conditions. Actually, blockade of the irreversible deamination of adenosine to inosine, normally catalyzed by the enzyme, leads to an increased availability of the biologically active purine at the site of inflammation. Adenosine, in turn, may modulate purinergic responses to these pathological events.
Summary of the article
Limongelli and colleagues describe a novel class of potent adenosine deaminase (ADA) inhibitors, developed as drug candidate for the treatment of inflammatory disorders [1] . Since a close correlation has been found between the severity of inflammation and a local increase in both expression and activity of ADA [2] , the pharmacological inhibition of this enzyme has recently being regarded as a novel therapeutic approach to counteract inflammation in several pathological conditions. Actually, blockade of the irreversible deamination of adenosine to inosine, normally catalyzed by the enzyme, leads to an increased availability of the biologically active purine at the site of inflammation. Adenosine, in turn, may modulate purinergic responses to these pathological events.
Pursuing their interest in this research field [3] [4] [5] [6] , and exploiting their synthetic expertise in the synthesis of heterocyclic compounds, authors propose a number of pirazolo[1,5-a]pyrimidin-7-one derivatives bearing suitable alkyl and arylalkyl substituents in the position 4 of the heterocyclic core, which have been shown to inhibit ADA with K i values in the nanomolar range. Although successful in providing novel ADA inhibitors, authors recognize the difficulty of unveiling their mechanism of binding to the active site of the enzyme by means of docking calculations. Actually, both the high flexibility of the protein and the role played by the solvent in accommodating the novel compounds into the ADA site increase the complexity of the interaction between ligands and the target enzyme, thus preventing docking algorithms to clearly describe the binding event at a molecular level.
In the PNAS paper, Limongelli and colleagues brightly overcame this drawback by exploiting well-tempered metadynamics, an emerging technique which allows dealing with protein motion and solvation during ligand binding. With this in hand, they clarified the binding mode of the most active compound, 4-decyl-5-methylpyrazolo[1,5-a]pyrimidin-7(4H)-one, thus reconstructing the free-energy profile of the ligand-enzyme interaction and highlighting the preferred binding mode of the ligand inside the protein.
Besides representing a novel class of ADA inhibitors, the pyrazolopyrimidine here described is an excellent case study of sampling protein motion and solvent effect during ligand binding.
Commentary
By using a combined experimental and theoretical approach, authors developed a new series of potent non-nucleoside ADA inhibitors and also revealed their mechanism of binding to the enzyme [1] . Pyrazolo[1,5-a]pyrimidine derivatives were generated through rational design, on the basis of pharmacophoric requirements of ADA inhibitors from the literature [2] . Once synthesized by means of conventional synthetic approaches, the novel compounds were tested in vitro for their inhibitory properties on bovine spleen ADA. Finally, their binding modes to the active site of the target enzyme was investigated through a computational strategy using a protocol based on metadynamics, which allowed to also clarify the important role played by protein motion and solvent during ligand binding. The originality and the strength of the work resides in the identification, through an innovative and advanced computational technique, of the lowest energy binding mode of the most potent compound of the series, 4-decyl-5-methylpyrazolo[1,5-a]pyrimidin-7-one. These results clarify some of the lead/protein recognition mechanisms at a molecular level and represent a real important opportunity to rationally improve lead compound optimization strategies, protein/ligand interaction, and the pharmacokinetic properties of new ADA inhibitors.
Important insights, caveats, and future directions for research
Modulation of the level and activity of adenosine represents a very useful therapeutic tool in handling a variety of clinical conditions like ischemia/reperfusion injury, inflammation, and tumor growth [7] [8] [9] . Alternatives to adenosine and adenosine receptor agonist/antagonist administration include modulation of adenosine metabolism. Augmentation of nucleoside function by inhibiting its metabolism appears to be a rational therapeutic strategy with distinct advantages: (1) in contrast to specific receptor modulation, the increase of local nucleoside concentrations affects several signal transduction pathways simultaneously and therefore may have the unique potential to modify complex neurochemical networks; (2) by acting at network level, inhibitors of nucleoside metabolism are highly suited to fine-tune, restore, or amplify adenosine physiological functions where needed; (3) inhibitors of nucleoside metabolism have promise for the "soft and smart" therapy of several diseases with the added advantage of reduced systemic side effects.
ADA catalyzes the irreversible deamination of adenosine and 2′-deoxyadenosine to inosine and 2′-deoxyinosine, respectively. ADA exists as cytosolic and extracellular forms and has an important role in regulating intra-and extracellular adenosine concentrations. It is well known that ADA deficiency results in severe combined immunodeficiency by accumulation of lymphotoxic adenosine and 2′-deoxyadenosine [10] . From a pharmacology viewpoint, ADA inhibition has an interest as potential therapy of malignant leukemia and lymphomas. Furthermore, it is appreciated that ADA inhibition has a great potential for anti-inflammatory drugs with few side effects by preventing that adenosine released specifically at inflamed sites is metabolized by extracellular ADA, colocalized at the cell surface with CD26, which is strongly upregulated following T cell activation and is known as the T cell activation marker [2, 11] .
Although a number of ADA inhibitors are known, e.g., pentostatin [12] , (+)-EHNA [13] , and various other derivatives [4] , they have many problems such as poor pharmacokinetics and several toxicities. Pentostatin [14] , which is the only ADA inhibitor in clinical use, is only available via intravenous administration, and moreover, use is limited to the treatment of adult patients with hairy cell leukemia. Recent progress has been reported by Terasaka et al., who developed a new generation of ADA inhibitors [15] .
The availability of a low number of new ADA inhibitors is due to the complexity in ligand/enzyme interaction at molecular level and to the difficulty to predict a ligand binding mode for the optimization of lead compounds. In particular, the understanding at molecular level of the ligand/ADA interaction has been hampered by the pronounced ability of the active site to accommodate different inhibitors and by the crucial role played by water molecule during ligand binding. Understanding how proteins interact with other molecules (ligands) is crucial when examining enzymatic catalysis, protein signaling, and a variety of other biological processes. It is also the basis for a rational drug design and thus represents an important technological problem. Numerous computational methods have been applied to this problem so as to extract more detailed information. The fastest of these approaches, in terms of speed and computational cost, are based on extensive configurational search of the protein surface (docking), in which the various candidate poses found are scored in accordance with some appropriate function that treats solvation, protein flexibility, and entropic effects in some approximate manner. Nevertheless, for some proteins, including ADA, these protocols failed in predicting ligand-binding recognition site, suggesting the need of using more advanced techniques such as atomistic simulations in explicit water in order to fully include solvent and protein flexibility. Metadynamics has already been used with success to solve difficult docking processes (16) and, by means of this computational approach, authors developed a potential binding mode of the lead compound and also revealed the role of protein motion and solvent during ligand binding. The compound 5-methylpyrazolo[1,5-a]pyrimidin-7-one with a decyl chain substitution in position 4 of the heterocycle showed a nanomolar affinity for the enzyme and likely represents a good lead for the synthesis of new potent ADA inhibitors [1] .
Authors are to be congratulated on their results, since, by the use of an innovative computational technique, they have been able to shed light on some crucial factors in the interaction of this new class of compounds with the active site of the enzyme. These results thus represent an important starting point for lead optimization strategies in order to develop new ADA inhibitors as potentially active drugs in inflammatory, malignant, and cerebral diseases.
In addition, since in recent years, the medicinal chemistry of ADA inhibitors seemed to have reached a plateau, these findings represent an important breakthrough to revitalize the interest in new drugs targeting adenosine metabolism.
